ABSTRACT: Successful outcome following total knee arthroplasty (TKA) with patella resurfacing is partly determined by the restoration of patellofemoral (PF) function and recovery of the quadriceps mechanism. The current study compared two patellar TKA geometries (medialized dome and anatomic) to determine their impact on PF mechanics and quadriceps function. In-vivo, subjectspecific patellar mechanics were evaluated using a sequential experimental and modeling approach. First, stereo radiography, markerbased motion capture, and force plate data were collected for TKA patients (10 dome, 10 anatomic) performing a knee extension and lunge. Second, subject-specific, whole-body, musculoskeletal models, including 6 degrees-of-freedom (DOF) knee joint kinematics, were created for each subject and activity to predict quadriceps forces. Last, finite element models of each subject and activity were created to predict PF kinematics, patellar loading, moment arm, and patellar tendon angle. Differences in mechanics between dome and anatomic patients were highlighted during load-bearing (lunge) activity. Anatomic subjects demonstrated greater PF flexion angles (avg. 11 AE 3˚) compared to dome subjects during lunge. Similar to the natural knee, contact locations on the patella migrated inferior to superior as the knee flexed in anatomic subjects, but remained relatively superior in dome subjects. Differences in kinematics and contact location likely contributed to altered mechanics with anatomic subjects presenting greater load transfer from the quadriceps to the patellar tendon in deep flexion (>75˚), and dome subjects demonstrating larger contact forces during lunge. Although there was substantial patient variability, evaluations of PF mechanics suggested improved quadriceps function and more natural kinematics in the anatomic design. ß 2018 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 36:1910Res 36: -1918Res 36: , 2018.
Successful function and outcome following total knee arthroplasty (TKA) with patella resurfacing is partly determined by the restoration of patellofemoral (PF) function and recovery of the quadriceps mechanism of the knee. While TKA has successful surgical outcomes with 8% or fewer requiring revision, 1 variations in movement patterns and functional limitations during everyday activities such as kneeling and squatting are still present long after knee repair. 2, 3 TKA patients have demonstrated asymmetric movement in contralateral limbs, reduced range of motion, and reduced quadriceps strength and extensor efficiency. 4, 5 Quadriceps efficiency is a measure of the effective moment arm of the quadriceps, where greater efficiency allows the quadriceps to extend the knee with less force. TKA has reduced knee pain and restored greater knee range of motion in patients with severe knee osteoarthritis; however, patients still exhibit noteworthy decreases in functional performance and quadriceps strength due to failure of voluntary muscle activation and muscle atrophy. 5, 6 Patellar resurfacing alters the geometry of the patella, which can affect the kinematics and loading of the PF joint. In TKA, the patella is most often resurfaced by removing the articular surface and replacing it with a polyethylene implant. Common patellar TKA designs have included a dome or rounded shape, while more recently, anatomic geometries that retain a shape closer to the natural anatomy have been developed. In both the dome and anatomic designs described in this study, the articulating surface includes a medialized peak that mimics the native patellar ridge. Previous comparisons of PF kinematics between dome and anatomic resurfacing geometries have revealed larger patellofemoral flexion angles with the anatomic geometry, more like the native patella, 7 suggesting improved quadriceps efficiency and patient satisfaction. Important differences in kinematics and contact mechanics between TKAimplanted patellar designs are typically evaluated using in vitro testing, which applies an idealized set of loading conditions and may not replicate in vivo conditions. [8] [9] [10] These studies recorded reduced patellar flexion that may compromise quadriceps efficiency by decreasing the effective moment arm of the extensor mechanism. In addition, changes in PF kinematics may also alter the distribution of joint loading observed in joint contact loads, patellar tendon forces, and angle of the patellar tendon. Large patellar tendon forces may lead to PF pain, 11 while large contact forces may lead to accelerated implant wear. 12 Accurate in vivo measurement of six degree-offreedom (DOF) tibiofemoral (TF) and PF kinematics is critical for quantifying differences in function between TKA designs but can be challenging to obtain using conventional motion capture methods. Previous studies have used in vivo imaging techniques to quantify patellar motion in TKA-implanted subjects, 7,13-15 but rarely include six DOF PF kinematics. Furthermore, these evaluations are typically limited to sagittal plane measurements and may not capture knee kinematics with the accuracy needed for comparative evaluations of knee function. Although accurate and precise measurement of knee motion revealed subtle differences in joint kinematics, the impact that the kinematic differences may have on PF joint forces and implant performance requires further investigation.
PF mechanics, consisting of quadriceps, patellar tendon, and joint contact forces, are impractical to measure in vivo and are thus estimated using computer models of the knee and extensor mechanism. Multiple computational models have been developed to investigate PF kinematics and contact mechanics in simulations of TKA-implanted cadaver specimens. [16] [17] [18] [19] [20] Notably, Rullkoetter et al. 21 found greater PF flexion and lower contact pressures in subjects with anatomic implants compared with dome implants, consistent with findings from in-vitro studies. However, these cadaver-based simulations may not capture the loading conditions and kinematic variability present in vivo. Alternatively, researchers have estimated in vivo PF contact mechanics using dynamic-MRI and fluoroscopy imaging, [22] [23] [24] [25] [26] but these models generally lack bone and soft tissue characteristics specific to the patient. More recently, finite element modeling of the knee combined with precise kinematic measurements from stereo radiography and predicted muscle forces from musculoskeletal simulations was used to evaluate contact mechanics, ligament strain, and the distribution of joint loading in TKA. 27 Integrating simultaneous, whole body measurements (motion capture and force plate data) with stereo radiography can provide insight to the relationship between joint-level and whole-body function, and enable the creation of subject-specific computational models of the knee and lower extremity.
The purpose of this study was to compare PF mechanics between medialized dome and medialized anatomic implants during knee extension and lunge activities using subject-specific computational models. Knee kinematics measured from stereo radiography and quadriceps muscle forces obtained from subjectspecific musculoskeletal simulations were used as inputs to finite element models of the implanted knee to predict PF kinematics, contact mechanics, load transfer surrounding the patella, and patellar tendon moment arm and angle.
METHODS
In summary, subject-specific patellar mechanics were simulated with a three-step process (Fig. 1) . First, stereo radiography, marker-based motion capture, and force plate data were collected for patients with TKA performing a seated knee extension and weight-bearing lunge. Second, subjectspecific, whole-body, musculoskeletal models, including six DOF knee joint kinematics, were created for each subject and activity. Using motion capture and ground reaction forces as inputs, quadriceps forces were calculated by static optimization in musculoskeletal simulations of the knee extension and lunge. Last, finite element models of each subject and activity were created to predict PF joint kinematics, contact mechanics, patellar tendon moment arm, and patellar tendon angle.
Data Collection
High-speed stereo radiography (HSSR) was used to capture 3D sub-mm measurement of bone and implant motion. 28 The HSSR system is composed of two 40 cm diameter image intensifiers with high-speed, high-definition (1080 Â 1080) digital cameras positioned at a relative 70˚angle. 28, 29 This study was approved by the University of Denver Institutional Review Board and all participants provided informed consent. HSSR images were collected for 16 patients (4 bilateral) implanted with ATTUNE 1 (DePuy Synthes, Warsaw, IN) posterior-stabilized, rotating-platform components, 10 knees with medialized dome and 10 with medialized anatomic patellar geometries (7M/9F, 63.4 AE 6.3 years, 2.3 AE 0.7 years post-surgery, BMI: 27.0 AE 3.7 kg/m 2 ). All subjects were required to be at least 1 year post-surgery, free of limiting lower extremity pathology, less than BMI of 33, able to perform the activities required by the study, and score >69 on Part 2-Function of the Knee Society Score (KSS) questionnaire. The subjects performed two activities spanning the entire range of motion of the knee: An unloaded, seated knee extension ranging from high flexion to full extension, and a single-leg weight-bearing lunge (Fig. 1a) . Collection frequency of radiography images was 50 Hz for both activities.
Relative motions of the femoral and tibial tray components were tracked using Autoscoper by optimizing the alignment of the 3D implant components to the 2D HSSR images (Brown University, Providence, RI). Since polyethylene patellar components are not visible in the imaging data, the patella bone was tracked to describe the relative patellar motions. A statistical shape model (SSM) of the knee was used to predict the anterior surface of the patella bone. 30 In summary, the SSM of the knee described by Smoger et al. was constructed using a 50-subject training set (25M/25F) with a size distribution representative of the population. 31 The shape and alignment of the mean SSM patellar geometry was optimized to match 2D projections of the imaged patella. Furthermore, the resection plane of the patella was determined using static radiographic images from the HSSR and pre-operative x-rays. The alignment of the TKA patellar component on the resection plane was optimized to maximize coverage and reduce overhang. Local coordinate systems were defined for each implant component as described by the manufacturer: The origin of the femoral coordinate system was located along the flexion-extension axis of femoral condylar geometry between the most medial and lateral points. The origin of the patellar construct was located at the center of the resection plane. TF and PF joint kinematics were calculated based on methods described by Grood and Suntay. 32 In addition to HSSR measurements, marker-based motion capture data were collected using an eight-camera, passive-marker, video photogrammetric system (Vicon Motion Analysis Corp., Centennial, CO), and simultaneous ground reaction forces were collected using four six-component, strain-gauged force plates (Bertec Corp., Columbus, OH).
Musculoskeletal Modeling
Subject-specific musculoskeletal models were used to estimate muscle forces for each activity using stereo radiography kinematics, marker-based video motion capture, and ground reaction force data as inputs. For each subject and activity, a subject-specific, whole body, musculoskeletal model was created in OpenSim 27, 33, 34 (Fig. 1b) . The anthropometry of the model was scaled based on the ratio of relative marker SUBJECT-SPECIFIC COMPUTATIONAL MODELING distances from motion capture and the virtual markers in the template model. Each model consisted of 12 segments (torso, pelvis, femurs, tibiae, tali, calcanei, toes) and 92 Hilltype, musculotendon units. The lower limb included a balland-socket hip joint, a revolute ankle joint and a knee joint with prescribed TF and PF relative motion measured from stereo radiography. Specifically, TF and PF joint kinematics from the HSSR system were incorporated into the musculoskeletal model by decomposing motions into intrinsic Euler angles and a translation vector, and defining spline functions described with respect to knee flexion. All TF DOF and PF flexion-extension, superior-inferior translation and anteriorposterior translation DOFs were prescribed. The patellar tendon was modeled as a point-to-point muscle unit connecting the distal end of the patella to the tibial tuberosity. Wrapping surfaces were included to simulate contact between muscle and bone.
For the knee extension simulation, pelvis and lumbar motion were fixed to a seated position, and a vertical, body weight load was applied to the pelvis to simulate the support from a chair. Static optimization in OpenSim was performed to compute quadriceps forces during the lunge and seated knee extension from the rectus femoris, vastus intermedius, vastus lateralis, and vastus medialis for input into FE analyses.
Finite Element Modeling
Subject-specific finite element models of the experiments were developed for all subjects and activities. Each model included TKA implant components, SSM-predicted patella bone, rectus femoris, vastus intermedius, vastus lateralis, vastus medialis, patellar tendon, and medial and lateral PF ligaments (Fig. 1c) . Implant components, obtained from the manufacturer, were modeled using rigid triangular shell elements (R3D3) with corresponding mass and rotational inertia properties. Rigid-body contact was defined between the patellar and femoral implant components using a previously-calibrated, tabular, pressure-overclosure relationship. 35 Quadriceps and patellar tendons were modeled using 2D fiber-enforced membrane elements (M3D4R) and embedded 1D non-linear springs (CONN3D2). Medial and lateral PF ligaments were modeled using 1D non-linear springs. Quadriceps muscle paths were defined along the centroid of the muscle cross-sectional area described in imaging from the Visible Human Project. 36 A series of rigid connectors followed the muscle centroid path to provide a more realistic quadriceps line of action. Ligament/tendon material properties were calibrated in previous analyses to match uniaxial test data from literature. 16 While TF kinematics were prescribed based from HSSR data, the PF joint was unconstrained. Quadriceps force, derived from subject-specific musculoskeletal modeling in OpenSim, was applied to the FE simulation. Soft tissue attachment location and pre-strain in PF ligaments were calibrated to match experimental PF kinematics. Relative position of the quadriceps and patellar tendon were important in calibrating model PF kinematics, but model calibration was not unique to a single solution and could predict multiple loading profiles on the patella. To compare PF mechanics across subjects, the position of the quadriceps tendon relative to the patella was fixed for every subject; soft-tissue calibration included perturbations of patellar tendon and PF ligament attachment sites only.
Model outputs included PF kinematics, patellar tendon angle, and moment arm, and patellar and contact force ratios. The average and standard deviation of these values in each cohort were used to compare PF mechanics between dome and anatomic patellar geometries over the range of motion of each activity. PF kinematics were computed from the FE model using equations described by Grood and Suntay 32 Patellar tendon moment arm was measured as the perpendicular distance between the center of rotation of the knee and the line of action of the patellar tendon (Fig. 6a) . Patellar tendon angle was measured between the mechanical axis of the tibia and the line of action formed by the patellar tendon, where positive angles represent inclination anterior to the tibia (Fig. 6b) . 37, 38 In addition, to compare how quadriceps force impacted patellar tendon force and patellar contact force, two ratios were calculated. Contact force ratio was described as the ratio between the total force due to patellar contact (Fc) and the total quadriceps force (Fq) (Fig. 5a ). Patellar force ratio was defined as the ratio of patellar tendon force (Fpt) divided by the total quadriceps force (Fq) (Fig. 5b) . The force ratios were important in comparing load transfer from the quadriceps between dome and anatomic designs.
RESULTS
No notable differences were found in the KSS survey results between the two patellar geometry cohorts. The average knee scores for the patients who received dome and anatomic geometry were nearly the same (96.6 AE 6.7 for anatomic subjects, and 93.4 AE 8.3 for dome subjects). 
PF Kinematics
Experimental PF kinematics showed similar trends across subjects, activity, and implant geometry. Patellar components shifted medially and rotated internally with increasing knee flexion (Fig. 2) . Peak patellar flexion was an average 60-80% of the TF flexion angle. Kinematic differences between knee extension and lunge activities were small, however, differences between medialized dome and medialized anatomic subjects were most apparent during the lunge. For example, anatomic subjects demonstrated larger PF flexion-extension angles compared to the dome subjects during lunge with an average 11 AE 3˚difference ranging from 40 to 100˚knee flexion. Differences in patellar flexion between the two designs were also apparent in the description of the patellotibial (PT) kinematics, which demonstrate an average 17˚differ-ence in PT flexion at 90˚knee flexion (Fig. 3) . Additionally, dome subjects experienced greater patellar tilt than anatomic subjects by an average 6 AE 5˚.
Model PF kinematics closely replicated the experiment with average root-mean-square differences of 4.2˚in flexion-extension, 3.1˚in internal-external, and 1.9 mm in medial-lateral for knee extension (Fig. 2) . For lunge, average root-mean-square differences were 2.7˚in flexion-extension and 2.7˚in internal-external rotations, and 1.8 mm in medial-lateral translation.
Quadriceps Force
Quadriceps force was described as the vector sum of forces from the rectus femoris, vastus intermedius, vastus lateralis, and vastus medialis. Quadriceps force predictions from musculoskeletal modeling were larger in lunge than knee extension (e.g., 2101 N higher at 90˚, Fig. 4) . Also, trends in quadriceps force decreased as a function of flexion in knee extension, but increased in lunge. Differences in quadriceps forces between dome and anatomic subjects were small during knee extension; however, during lunge, forces were larger in dome subjects at mid-flexion (e.g., 567 N higher at 60˚), and larger in anatomic subjects at deep flexion (e.g., 524 N higher at 90˚).
Contact Force and Contact Force Ratio
PF contact forces were consistent with trends in quadriceps force such that loads decreased as a function of flexion during knee extension and increased during lunge. Contact forces ranged from approximately 100-500 N during knee extension, and 300-2400 N during lunge. Also, contact forces moved (Fig. 5c ). Near full extension, the center of contact pressure appeared more inferior on the patella in anatomic subjects than dome subjects by an average 2.2 mm in the knee extension activity and 1.3 mm in the lunge. The total superior-inferior excursion of contact center of pressure was larger in anatomic subjects than dome subjects (9 mm for anatomic and 4 mm for dome during knee extension; 5 mm for anatomic and 2 mm for dome during lunge). Contact force ratios increased as a function of flexion in both the knee extension and lunge activity. Dome subjects demonstrated larger contact force ratios than anatomic subjects during lunge, approximately equal to 250 N of PF contact force averaged across subjects and knee flexion.
Patellar Force Ratio
Patellar force ratios were approximately one near full extension and decreased as knee flexion increased, similar to patterns reported in the literature for natural subjects. 40 Dome and anatomic subjects presented similar patellar force ratio magnitudes as a function of flexion during knee extension, but anatomic subjects demonstrated larger patellar force ratios in deep flexion (>75˚) during lunge.
Patellar Tendon Moment Arm
Patellar tendon moment arm showed no differences when compared across knee extension and lunge activities. Therefore, given the greater range of motion captured in the knee extension activity, results were presented for knee extension only in Figure 6a . Anatomic subjects presented larger moment arms than dome subjects in early flexion (<30˚, 5-9 mm). Following a peak value ranging from 30 to 45˚of knee flexion, moment arm decreased as knee flexion increased.
Patellar Tendon Angle
Similar to moment arm, patellar tendon angle was consistent across activities, so results were presented for the knee extension task only. Patellar tendon angle decreased as knee flexion increased (Fig. 6b) . Differences in patellar tendon angle between anatomic and dome subjects were negligible. However, there was substantial variation across subjects, particularly in anatomic subjects (average standard deviation of 6.2i n anatomic subjects and 2.9˚in dome subjects).
DISCUSSION
The current study examined the impact of patellar component geometry on PF mechanics and quadriceps efficiency. While measuring patellar kinematics is a crucial step toward understanding the in vivo performance of TKA, our novel subject-specific computer modeling techniques provided the means to evaluate the effect of PF motion on the mechanics of the knee following TKA. Through sequential subject-specific, whole-body, and joint-level simulations, computational models produced a more complete picture of quadriceps forces and the distribution of forces to the patellar tendon and joint contact. All patients received femoral and tibial components with the same geometry, subject to appropriate sizing. Differences in patellar resurfacing geometry influenced PF kinematics, contact mechanics, and loading of the patellar mechanism. Anatomic subjects achieved greater PF flexion than dome subjects, which was consistent with previous experimental 7 and modeling 21 studies. These differences in PF kinematics resulted in altered PF joint loading; anatomic subjects demonstrated decreased contact forces and higher patellar tendon loads at deeper flexion angles relative to patients with dome implants, suggesting quadriceps mechanics in TKA with the anatomic geometry was more like the natural knee.
Large variation in model-predicted quadriceps forces characterized variability in the performance of the task, which in some subjects may have suggested compensation for quadriceps weakness. Generally, quadriceps forces calculated from musculoskeletal modeling were consistent with forces described in similar knee extension and lunge simulations. 41, 42 However, as subject-specific models were scaled by mass and marker-based segment lengths, patient size influenced quadriceps force. Also, patients were asked to perform the lunge activity as naturally as possible while keeping their knee within the imaging volume, which led to unique movement strategies, specifically in the position of the contralateral limb. For example, some subjects slid the contralateral foot or adjusted its position to maintain balance through the activity. In addition, subjects with the dome geometry tended to utilize less quadriceps force in the deepest part of the lunge compared to anatomic subjects, perhaps indicative of dome subjects off-loading their weight onto the contralateral limb during the most difficult part of the task (Fig. 4, from 75 to 100˚ ).
Patella kinematics calculated with subject-specific finite element models closely resembled the subjectspecific kinematics measured with HSSR, providing confidence that models and loading conditions used in the simulations of PF mechanics were effective. Average RMS differences between model and experiment were 3.5˚in flexion-extension and 2.8˚in internalexternal rotations, and 1.7 mm in medial-lateral translations. While the articulating geometry of the patella strongly predicted PF motion, calibration of soft tissue attachments on the patella also affected model kinematics. For example, PF flexion-extension was sensitive to the anterior-posterior position of the quadriceps and patellar tendon on the patella; an anterior shift in the patellar tendon resulted in an increase in PF flexion (3˚increase in PF flexion per 1 mm of anterior shift in patellar tendon attachment). Also, the prestrain in PF ligaments was adjusted to settle the patellar component in the trochlear groove and provide stability in patellar tilt and medial-lateral translations near full extension (<30˚); forces in the PF ligaments decreased as the knee flexed as described by Nomura et al. 43 Stereo radiography revealed differences between dome and anatomic patellar kinematics (Figs. 2 and 3 ) that were accompanied by differences in the kinematics and loading of the quadriceps mechanism. Patients with anatomic geometry achieved greater PF flexion than those with the dome during lunge. The loadbearing lunge revealed greater differences than the seated knee extension in PF kinematics, likely due to larger quadriceps forces in the lunge. Differences in patellar flexion accompanied differences in patellar contact on the femoral component. Center-of-pressure in the dome subjects generally remained on the Figure 6 . Comparison of mean (line) and AE1 standard deviation (shaded) of (a) patellar tendon moment arm, and (b) angle between natural, medialized dome, and medialized anatomic subjects. Natural subject results are described from references.
37,38
Figure 5. Comparison of mean (line) and AE1 standard deviation (shaded) of (a) contact force ratio and (b) patellar force ratio between medialized dome, medialized anatomic, and natural subjects. 40 Force ratios (right) shown for the lunge activity: Fc, contact force; Fq, quadriceps force; Fpt, patellar tendon force. (c) contact pressure (MPa) distributions shown for a representative anatomic and dome subject at 30˚, 60˚, and 90k nee flexion.
SUBJECT-SPECIFIC COMPUTATIONAL MODELING superior half of the patellar component as the knee flexed, while contact locations in the anatomic subjects migrated from a more inferior to superior position as knee flexion increased (3 mm more inferior at 30˚and 4 mm larger excursion in anatomic subjects, Fig. 5c ), consistent with more natural behavior. 39 Since the patella behaves like a class 1 lever, where the PF contact location is the fulcrum, more inferior PF contact locations, as shown in anatomic subjects, may increase the effective moment arm of the knee near full extension. 38 Effective moment arm is a measure of the mechanical advantage of the extensor mechanism; larger moment arm allows the quadriceps to extend the knee with less force. The influence of patellar flexion on patellar tendon moment arm was not as great as PF contact location. Model calculations of patellar tendon moment arm for both dome and anatomic subjects were consistent with values reported in the literature. 13, 37, 38, 44 Anatomic subjects demonstrated larger moment arms than dome subjects in early flexion, likely due to the differences in patellar flexion and PF contact. However, some differences in moment arm might be attributed to sizing variation between the two cohorts. For example, the anteriorposterior dimension of the femoral component and thickness of the patellar construct have a notable impact on moment arm. 45 A larger construct may place the patella more anterior to the femoral component, thus creating greater distance between the patellar tendon line-of-action and the femoral flexion axis. Although anatomic subjects had larger combined femoral implant size and patellar thickness by an average 3 mm, sizing and surgical variability did not account for the difference in moment arm between implant designs. Notably, patellar tendon angles relative to the tibial axis remained consistent for dome and anatomic subjects, but were smaller in magnitude near full extension (<30˚) when compared to natural data 37, 38 (Fig. 6b) . The patellar tendon angle is one determinant of the anterior-posterior shear forces applied to the tibiofemoral joint, 38 and PF contact forces. Patellar tendon angles may be lower in implanted subjects due to anterior subluxation of the tibia common in TKA. 13 Differences in PF flexion angle and contact location were associated with differences in the distribution of quadriceps force to the patellar tendon and PF joint contact. The anatomic design supported higher load transfer to the patellar tendon and smaller implant forces due to greater patellar flexion and more inferior PF contact. Even so, when comparing to data from natural knees, dome, and anatomic implants demonstrated substantially lower patellar force ratios than healthy subjects in early flexion (<40˚). 40 That is, the amount of quadriceps force transmitted to the patellar tendon was less. Lower implanted patellar force ratios may indicate quadriceps deficiency. In the lunge, dome subjects presented smaller patellar force ratios in deep flexion. Likewise, dome contact force ratios were larger than anatomic. The more extended angle of the dome implants likely influenced the increase in contact force ratio, which may increase implant forces and decrease quadriceps efficiency (Fig. 3) . Larger implant forces in dome subjects were accompanied by increased peak contact pressures ($5 MPa larger than anatomic), which could lead to greater risk of implant failure (Fig. 5c) . In contrast, the flexed angle of the anatomic design distributed load to the patellar tendon at deeper flexion angles, which may provide better extensor efficiency.
There were limitations associated with the experiments and models presented in this study. The influence of surgical variation, including surgeon technique (free-hand vs. instrumented), resection thickness, and resection plane, could have potential impact on patellar mechanics. 46, 47 While pre-operative measurements were not captured in this study, comparison of preand post-operative statistics could help identify the sensitivity of surgeon factors to implant performance. There were no substantial differences in implant size and alignment between dome and anatomic cohorts. Similarly, patient variation, such as patella alta/baja, could influence the patellar mechanics. Patella alta/ baja was assessed using the Insall-Salvatti Ratio, and no difference between the two cohorts was found (anatomic ¼ 1.36(0.14), dome ¼ 1.35(0.23)). FE models may have been limited by the use of generic soft tissue geometry for the patellar ligaments and quadriceps muscles. Quadriceps forces were applied to an estimated line of action based on the Visible Human Project as described by Fitzpatrick. 48 Subject-specific q-angle might improve calibration of model patella tilt and lateral translation near full extension and, consequently, prediction of PF mechanics, 18 ,49 but may not have a noteworthy effect on predictions of patellar flexion. Quadriceps forces were created in separate musculoskeletal simulations, which lacked detailed, deformable representations of PF soft tissue. A goal of our future work is to develop FE analyses in which muscle forces are calculated within the FE framework. Also, PF ligaments were based on literature descriptions. Patient-specific models of the PF ligaments might improve the prediction of load distribution across the patellar mechanism. To test patellar tendon sensitivity, similar to Ali et al., 50 patellar tendon stiffness was doubled and found to have no noteworthy impact on model kinematics. And finally, experimental TF kinematics were prescribed in the model to isolate the PF mechanism. Future analyses could investigate the interaction of the TF and PF joints and its impact on patellar mechanics.
The current study compared PF mechanics between medialized dome and medialized anatomic PF geometries using subject-specific, stereo radiography-driven, FE models. The modeling framework combined accurate in vivo kinematics with musculoskeletal and finite element modeling to evaluate the effect of patella implant geometry on loading and kinematics of the quadriceps mechanism. The anatomic geometry demonstrated kinematics closer to that of natural knees allowing greater load transfer from the quadriceps to the patellar tendon, but patient variability and compensation strategies potentially masked the effect of implant geometry on functional performance. Although average behavior suggests improved quadriceps function with the anatomic implant, knee function, and strength should be evaluated on a patient-specific basis. The sequential modeling approach, developed in this study, integrated whole-body and joint-level measurement, and simulation to provide a comprehensive evaluation of in vivo joint mechanics.
